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Introduction

This paper give s a rapid overview on the use
of the energy l osses suffer ed by an in cid ent electron beam. Genera l approximation s are remembered.
Then some recent results on inner she ll excitat ion s
as a funct i on of energy (in high vol tage electron
microscopy) are given , and the problem of thick
samples is rapid l y discussed .
The probl em of the obser vation of sensit iv e
materi al s in el ect ron microscopy i s discussed.
A
simpl e model i s proposed to determine some orders
of magni tude on the inelastic mean free path and
the elementary vol ume of defects created dur in g the
i rrad i ation with e l ectro ns of different energies.
This model can be used to have an idea of the evolution, as a funct i on of time, of the number of
character i st i c el ectro ns which have s uff ered a lo ss
corresponding to an inn er shell excitation . So it
seems possible, when the cross sect i on corresponding has been determined, to know an approximate
variat i on of the characteristic
electrons of the
imperturbed structure of the sens iti ve sampl es.

The i dea of us in g energy lo sses in a purpose
of chemical ana lysi s i s rat her old s inc e it was
proposed by Ruthemann (1942, 1948) and Hilli er and
Baker ( 1944). Later on Watanabe observed the Beryl liu m K edge (1966). After the independent works
of Wittry et al. ( 1969) on ca rbon in t he 1970' s ,
and Colliex and Jouffr ey ( 1970, 1972) on Li, C, Al ,
Mg, Si , Cu and condensed rare gases (Jouffrey,
1975), it appeared th at the se character i st ic lo sses
could be pract ic all y used fo r chemical ana l ys i s .
Isaacson ( 1972) performed experiments with a scanning t r ansmiss i on electron micr oscope (STEM)and
Isaacson and Jo hnson (1975) published a review on
this meth od. More recently, Egerton (1975), Jouffrey and Sevely (1976), Colliex et a l. (1976) , Joy
and Maher (1977, 1981) and others have publi shed
many re sult s showing the interest and the diffi culties of this typ e of chemical anal ys i s .
In this fie ld, many questio ns have been di s cussed. One of them i s the prob l em of increasin g
the energy of incident el ectrons . For that purpose,
we have esse nt i a ll y used our 1.2 MeVmi croscope .
We have al so been constructi ng, for a few years, a
hi gh volt age STEM( 1. 6 MeV)with field emiss i on gun.
Until now only a few experiment s have been performed
on ener gy l osses with our 3 MeVmicroscope.
The f ir st idea of using high energy in cident
el ect r ons was based on the fact that t he incr easing
of the observable thickn ess would be of intere st,
the other that the collecti on of character i st i c
electro ns would be eas i er.
We shall gi ve a few results obtained in this
field . We sha ll discuss also, very briefly, the
gener al treatment of cross sections befo re giving
some results on the probl em of sensitive materi al s .
Spectrometers

KEYWORDS
: El ectron scat tering, High voltage,
Chemical anal ys i s , Inner shell excit ations.

We have used, until now, three kinds of spectro meter s : a) The Castaing - Henry filter up to 100
keV (Casta ing and Henry, 1962); b) A magnet i c , /2
spectrometer type on our 1.2 MeV(Sevel y et al.,
1973; Perez et al., 1975) (Fig. 1) and 3 MeVmicro scopes (Fig . 2) (Jouffrey, 1978; Sevely et a l.,
1982). The 3 MeVspectrometer is followed by two
lenses to magnify the spectrum; c) An ~ filter on
the 1.2 MeVmicroscope (Fig. 3) (Zanchi et a l .,
1975, 1977; Sevely et al., 1977; Jouffrey , 1978;
Zanchi, 1978) .
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This type of attac hment will before long be adapted
on a 100 kV instrument (Sevely et al., 1977). The
idea of the n filter was i nspired by work of Senoussi (Senoussi, 1971; Senoussi et al., 1972).
We refer to previous publications for the description of these attachments.
In FiCl. 4 is shown
a spectrum obtained at 1 MeVfor different thicknesses of aluminium. In Fig. 5 is a carbon K spec trum at 2.5 MeV(Jouffrey, i980).
The count in q system we use is a Si(Li) doped
diode . The interest is to be able to separate the
pulses due to electrons or to photons. This problem i s in fact important to get reliable results
(Kihn et al . , 1980). The dynamic range is of the
order of 104 to 2. 104 counts per second.
Elementary Excitations
We have been principally
involved with two
types of inelastic collisions:
inner shell excitations and collective oscillations
(plasmons).
Inner Shell Exe i tations
The startinq equation of the Bethe model to be
used for obtainino cross sections for comparison
with experiment is (Bethe, 1933):
4m2e 2e 2
r 1 2 v' l IF 12 dn
(l)
daon
-1\4
q4 on

v

v1here:
IFon 1 2

II,:

z
i

.➔ ➔

*

e-iq ri '¥ii\)

'¥ Ci\) d 3 ri l 2
0

(2)

q is the scattering vector defining the direction
k' = k + q (Fig. 6) in which the electrons are
stud i ed. 'Po and 'Pn represent the initial and final
states of the atom. ~and~ • are the velocities of
the electron before and after the collision.
mr is
the reduced mass , e 1 and e 2 are the char ges of the
incident particle and the particle which is knocked
down. For electron interacting with one atom, we
can write:
,
_ 2Tie 4 dT IF 12
(3)
c.a on - riiv7 fT on
where T = (fi 2 q2 )/ 2m, m being the rest mass of the
electron.
p.5 was done by Bethe (1933), the quantity:
I\E
l 2m(E - E) IF (q)l 2 = Ton IF (q)l 2 = f (q)
qZ 1\7 n
o
on
on
on
is introduced.
It gives:
4
21Te -El
da 0 n = ~
f ( ➔)
q d ( Log T)
mv I\ on on
Thi s express i on can be integrated to be compared to measurements in electro n microscopy from
Tmin to T correspond i ng to the.maximum q, ~orr~sponding to the maximumscattering angle which 1s
used (the solid angle is J ~ 21Tsin ede ). Usi~g the
dipole approximation valid at a small scattering
angle , it gives:
e2 + o2
a (0 ➔ e) = 2Ti
e4
l
f
Log _o_n~_
(4)
on
mc7 s211Eon on
eon
In this expression the change of the energy of
the incident electron is dependent on s 2 and
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( 5)

s and y are the classical relativistic
terms. y =
1/(l - a7 ) 112 with e = v/ c, v and c bein g respectively the speed of electrons and the velocity of
light.
It is related to Tmin through qmin = kB0 n
(/\Eon my )/(fi 7 k).
This last expression is easy to derive by
writing /\Eon = (y - y ')mc 7 which is the change in
kinetic ener gy of the incident electron, , ' bein g
the value of the relativistic
par ameter y followin a
the loss.
In electron micr oscopy, this formula may be
tested at low or hi gh voltages.
That is what we
have done at low energy (EO keV) for the L7 _ 3 edges
of Al, ~'.g , Si , (Colliex and Jouffrey, 1970, 1972;
Kihn et al., 1976) and at 60 keV to 1.2 MeVin detail for K excitations in C and Al (Jouffrey et a l.,
1978). Some calculated values of a 0 n (0 + e ) are
given in Jouffrey et al., 1977.
For details about the oscillator
strenath problem see the papers of Inokuti ( Inokuti, 197i; lnokuti and Manson, 1983) and Powell (1970).
Noweauation (4) is not fully correct fro m th e
relativistic
point of view. The study of this problem has been carried out in detail by Fano (1956)
following the work of M~ller (1932) and Bethe
(1932). The expression which is obtained is:
21T
e 4 fon
e2
l
- - {log --=--2+ l og -1- - 2 - 2)
a (0 ➔ e) on
- ;;ic 2 s2 -t
e0 n
- S
'
11
on
(6 )
Eion is given by equation (5) with AEon replaced by
Afon taken as 3/2( 11
E0 n) due to the variation off
with /\Eon beyond the edge such as dF/dE ~ E::.£>'p
beina of the order of 3 . In thi s rel a ti on f Eon i s
nearly vary ing as Z2 . So it is rather favourable
for li ght materials.
The corresp ondin g mean fr ee
path is given by >-on = l/ (Nsa 9 n) where Ns is the
number of scatterinq centers \K electron s for instance) per unit volume.
The relativistic
correction can be seen as
essentially
one part due to the lonaitudin a l correction (~(l - R7 ))and the other due t o the perpendicular correction (~ log (1/ (l - P~)) - 1). These
two different correct i ons appear for bound electrons (Bohr, 1915; Jouffrey, 1983). The other correction is due to the minimumtrans mitted momentum
k o0 n . That can explain the different behaviour of
volume plasmons (longitudinal excitation s ) in comparison with other excit at i ons as a functi on of the
energy .
Experimentally we have tried to compare our
results with these expressions, essentially
in th~
case of carbon and alumini um as we said before (Sevely et al ., 1976; ,louffrey et al., 1980). It was
difficult
to find a noticeable difference between
the two models even though it ?eemed that a sli ght
maximumfor >.k was observed (Sevely et a l., 1975;
Jouffre y and Sevely, 1976). This shows nevertheless that the qlobal aqreement between theory and
experiment is ~ood.
Plasmon Mean Free Path
The experiments on the plasmon deter mination
of mean free paths show a variation in P2 without
any maxi mumas is explained by the Pines expres -
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sion (Pines, 1956) or the Ashle y and Ritchie tre at ment (Ashl ey and Ritchie, 1970) . Recent experiments (Sevely et al., 1982) up to 2. 5 MeVhave confirmed that the s2 curve i s correct.
Global Treat ment
Starting from equation (1), it i s easy to show
th at :
do
do i _
2
l:

n

~
dr2

=

~
l
fZ k q4

4(L)
a

~ -

0

eiq(r

i:

itj

. 1

f (q) +
x

rJ.) l

(7)

a 0 is the Bohr radius, fx(q) the form factor.
ri
and r· define the positions of electrons i and j .
rhe Raman Compton s i mplification
i s to write
that the electron scattering factor i s the same for
eac h electron i or j and tha t it is taken as real.
Therefore:
l: l: f . (q)

i 1j

l

f. (q)
J

f 2(q)

Z(Z - l ) ~

do.
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Using the Wentzel-Yukawa pote ntial
in stance ,
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it is found for

2 02

(e2 + e~)(ezE+ e~ ~ eg)z

(%

a2
G

l

n
I.

ka

and eE is co~esponding to the expression (5) obtainea with 6EI, the mean ionization energy. We
see for instance OE "' 1. 2 · 10- " rad < o0 "' 6 · 10- 3
rad a t 1 MeV for Al. At a large angle we find,
from equations 7 or 8 , the expres s i on:
doi
~ l arge q)

an image allows the observat i on of the thick part
of the · sample . That means th e background before
the edge is due to multi ple sca tterin g and, in the
thin part, the probabilit y of exciting a Kloss is
hi gher than the probabili ty of exciting n s~a ll
los ses , where n is such th at n 6Ee = 6Es, the subscri pt e being for elementary and B for backgro und
at the l eve l of th e edge, if there i s only one ty pe
of l oss for the background. In fact, in q oener a l
cas~ , we would have to write 6EK = n1 AEe\ 1 l + n2
6Ee\ ?) + .....
if we consider the background i s
due to several processes (collective,
individual
excit a tion s , tail of inner shel l exci t at ions .. . ),
ni can be one for a gi ven process.
The hei ght ar.d
the shape of the backgrou nd depend obviously on the
proba bilit y of every event and on t he nature of the
sample and on the value of the edges.
As was calculated by Egerton ( 1975) , in the
case of carbon , using the Gryzin s ki model, the most
probab le par t of the peak for the background would
be aro und 40 mrad at EO keV
= (6EB - E1 )/Ei,
where 6Es is the energy before the edge , say 200 250 eV, E1 the kineti c ener gy of the valence el ectrons and Ei the incident ener gy) . This point has
to be confir med to estab li sh whether the weight of
valence band individu al el ectrons is i mportant or
not. In fact, the point i s to know ,1hat kinds of
excitation give the background.
Very s i mpl y it can be sa id that when increa s in g the energy , the most probable an~le for the K
lo ss dimini s hes as y/ ( 1'J - 1). If we consider that
the background is due onl y to a gi ven type of excitation, we ha ve a probability which can be roughly
cons id ered as a Gaussian around BG such tha t:

~

4(L)

ao

2

z
q4

(9)

As we see the relativistic
correction i s done
only through s impl e ter ms. Experimentally, this
type of cros s sect ion i s ava ilable for gl obal experiments on tr ansmission or backscattering coeffi ci ent s studies (Ball adore et al., 1983 ; Soum et al. ,
1979, 1981, 1983) . On the other hand, it i s more
difficult
to ge t the stopping power thr ough this
model. As a f ir st approximation we can use an
average loss corresponding to >-i = 1/( noil- So,
dE/ dx = (ZE\ )/~ where >-i i s the inelastic mean
free path and 6ti ~ 6Ei·
Chemical Analys is
The fir st Kloss image, which was published by
Colli ex and Jouffrey (1970), had shown that, by
usin g the e l ectrons correspondin g to the K los s to
get an image , only the thin part of the gr aphite
sample was bright due to the s ingle scattering of a
K exc it ation.
The se l ection of electron s hav ing
suffered energy lo sses just before the edge to get

24 0

o2
i

n

o2
i

for one ty~e of excitation.
Gi varies as equation
(5) and n 1s independent of the energy of the in cid ent electrons . So the ratio between OG and OK
is of the or der of /n oi/ OK. It does not vary as a
f ir st approximation with E. In fact , it depends on
the aperture which i s used. Nowwe lo ok to the pro bability of a Kloss for a sample of thickness z :
PK( l ) = -z exp - -z exp - - z
AK
AK
Ael
For the background we have:
PB(n)

=

nT (f--)n
el

So the ratio

PK(l )

exp - _z_ exp
Ael
-

_l_

~ - zn-1
1

n.

nl A~l
· AK

_c_
z

, 2 ( n-

n- l lo

l)

( l 0)

where Ael is the mean free pat h correspondi ng t o
the elementary loss at th e or igin of the background
(we can obvio usly have seve r al) and Ca constant t o
calcu l ate from the expressions of the e le mentary
interactions.
Obviously the se expressions ar e not
full y correct because we would have to include the
convoluti on due to the angul ar scattering pro ble m
and the el astic scatterina and other excitat i ons
but the tenden cy is to give an advant age to hi gh
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voltage because of the multiple scattering between
other points.
A way to treat this probl em of convolution was
described by Zanchi et a l. (1981).
Fig. 7 shows experimental results which confirm again the gain in high voltage electron mic roscopy (HVEM)(Jouffrey, 1982) . \.le must add that,
because of the small scatter in g angle in hi gh voltage , the collection efficiency is much better in
HVEM(Jouffrey, 1977). On the other hand, the
angle dependence studies are obviously more difficult to do.
So the interest of HVEM
will be incre ased for
"thick" sampl es when we have plural scattering.
J\t
the opposite, for very thin sample s , it was not
possible to detect any definitive advantage except
for detecting very large losses (a few thousand eV).
So we have to remember here that it is easier
in incre as in g the energy of the incident electrons
to collect electrons corresponding to very l arge
losse s . The l arge r the l oss , the easier it i s compared to lower ener qy incident electrons; Fig. 7
shows this point (the background is lower at lar ge
lo sses when in creasing the voltage).
We succeeded
a few years ago (Jouffrey and Sevely, 1976) in detecting the GermaniumKloss (~ 11, 500 eV).
Therefore it is a good way to do chemical analysis to use high energy electrons.
The available
thickness is generally arou nd 2,000 - 3,000 A; it
means nearly f i ve-ten t i mes the thick ness available
at low voltage. We can notice that the energy resolut i on i s equal to 2- 4 eV at 1.2 MeV. So it is
possib le to have a better resolution at lower voltage. We show here four examples. One is in biology with Be in a lun g sect ion. We see that the
mapping of Be clusters i s well in evidence (Fig. 8)
in using the . ~ filter system. The size of the clusters i s 100 A or sl i ghtly less.
Another one is in
minera l ogy (Fig. 9) where it has been possible to
detect lithium in triphyl i te and ambl ygonite.
It
has in this domain also been possible to do relative quant it ative analysis between Mn and Zn in a
natural sulphide (Sevely et al., 1981).
\.le show another exampl e (Fi g. 10) in very pure
iron in which were however detected some thin precipitates
(Fourdeux (priva te communication)). We
had to use HVEM
to st udy them; we were able to
detect easily the rare platelets which could be
found. Finally Al and N were eas il y detected at
1 MeV. The precipitates
were recognized as an
aluminium nitride.
The last is a ceramics Si Al ON sampl e (Fig.
11).
It appears also on the same area that in this
ceramic the S/B is better when increasin g the vol tage (S defines the height of the peak and B the
backqround just before the K edge).
· Many other appli catio ns ha~e been successfu ll y
done by our group using HVEM.
Thick Sampl es
As we discussed in Perez et al., 1977, and is
shown in Fi g. 12, th e energy l oss distribution
is
varying as z/v 2 , where z is the thickn ess of the
sample.
This behaviour can be observed when l ooking at
th e most probabl e energy l osses at the full width
at half maximum. That corresponds to th e general
behaviour of the energy l osses as can be see n from
the s impl est models of interaction . The comparison
24 1

with some spectra obtained at 100 keV (Jouffrey,
1975) is int eresting from that point of view. We
observe in that figure that background at the l evel
of t he aluminium Kloss will be less important when
increasing the voltage as was said previously.
We compared the Bethe stopping power and th e
Landau distribution.
Our experiments agree rather
well with the Landau calculations with some corrections expla ined by Perez et al. (1977).
This behaviour is interesting because it expl ains , for instan ce , the inter est of using HVEM
to
observe thick samples. It shows also when introducing the chromatic aberrations that, for a given
thickness, the resolution in HVEM
will be much bet ter (Dupouy, 1968; Jouffrey, 1975).
Sensit iv e Materials
The interest of using HVEM
for the st udy of
sensitive materia l s has been claimed and demonstrated for a long time even if there are some controversies about this point.
The arguments were
based on the globa l behaviour of a i as a function
of energy.
In fact, the sensitive mater i al s have a li fetime which increases with the energy of the incident electron, roughl y as s2 . For a survey on t his
problem see Dupouy ( 1974), Reimer and Spruth (1978),
Boudet ( 1981), Locatelli- Lapeyre (1981), Jouffrey
( 1975) and Jouffrey et al. (1979). It has been
said that there is no gain because cut f il ms or
plates to record the i mage need in the same time an
increase i n exposure t i me proportiona l to s2 . Thi s
point is true if the lifeti me of the sampl e i s of
the same order or less than the one of the plate at
low voltage.
However, i f the lifetime i s more by a
factor of say 10 or 100 or more, the gain will be
quite deci s ive for applications.
As we know from
the work of Dietrich et al . ( 1983), it would be
still better to combine the observatio n with cooling the sample down to about 4.2 K.
The study of sens i t iv e mater i al s becomes more
and more interesting.
Outside the biological sampl e, organic conductors and semi conductor s will become more and more important.
Resi st for microl ithography is al so of i nt erest.
Therefore there is
an int erest to study the sensitive materia l s ' behaviour under the beam.
We know that, if we observe a crystalline
organic sample, the diffraction
pattern disappears
more or less rapidly.
The outside spots disappear
first (Kobayashi and Ohara, 1966). This effect has
been explained by introducing a Oebye-Waller factor
(see Reimer and Spruth,197 8 for a review).
It is
possible to introduc e it easily through the kinematical theory of th e contrast (see below).
Another point is to l ook in more detai l at a
general law of disappearance of the diffraction
pattern.
This prob 1em is ver y comp1i ca ted. However, the use of a very simple model enables one
to understand several points and also to ra i se
some questions.
About the chemistry involved in
the change under irradiation s see Pacansky (1983).
The expression for the wave is:
exp - i
cel l s

i:

with

q the

(s+ g) .
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Fig. 8. Pathological lung section. Mapping obtained by
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edge. A is taken before the edge, B on the edge and C
beyond the edge. The accelerating voltage is 1 MeV.
The selected window is ± 5 eV. (Same magnification
for the three micrographs).
Fig. 9. Detection of lithium K edge at 55 eV in thin
mineralogical specimens amblygonite and triphylite (1
MeV).
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Fig. 12. Energy loss distribution as a function of accelerating voltage for a sa me 3 µm thick aluminium
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electron incident energy increa ses.
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the devi at i on from the Bragg condition and r the
coordin ate vector for the cel l s of the sample
r i s an int eger) . As it i s well known in the DebyeWall er model it can be writ ten:

(g ·

(s + g)c-;;+ !Jr )

,: exp - i
ce ll s

That i s equal to:
,: exp [ - i (s .r)J exp - i (s {Jr + g {Jr)
cell s
z
x
where the component z i s roughly the directio n of
sand llr; is the component o_f the di sp l acement of
the cells in the direction g. !Jr being small, it
is possible to expand the exponential.
When doing
the average on llr, the first order term in the express ion i s zero. The second order term has a fi nite value (see for instance Guinier, 1956). So we
have :
< E

exp - i(s + g)(r

exp - 2l [ s 2

+ llr)

6

;

llr Z2 + g2 · llr X2]

= f

"v

dz(exp - i sz)
[fz0 dz exp - i sz]

exp - 2l ( g2

( ll )

We imagine that for the perturbed mol ecul es
ri"?xp wi11 be more important than for the nonperturbed one ;;;? X,1,;-f½-So we find if we consider from
0 ➔ z, the term llrnp and from z 1 ➔ z 2 the term
~ with obvious notation s that the amplit ude is:
l

l

A= 15 {(exp - 2 g2 · llr~p) [(exp - i s z 1 )

-

l] +

(exp - } g2 · !Jr ~) [(exp - i sz2 ) - (exp - i sz 1 )]}
(12)

The second ter m i s negli gible since the DebyeWaller factor i s very small. Only the first term
remains. It shows that we have, addinq to the fact
that the atomic scatteri ng factor i s s~al l at a
l arge angle, an atte nuation due to the Debye-Waller
factor . The di sappea rance occurs with the diminut ion of z 1 . In fact this model considers tha t the
cell s which are perturbed give an equi valence to a
diminution of th i ckness (we shall see this point
again l ater on). It woul d be more corre ct to consider that the cells are loca li zed at random. So
an average has to be done to get the good amplitude
A. That can be done, at least partly, from the
phase amplitud e diagram which give s a simpl e problem of locu s to solve.
Nowthe problem is to describe z 1 as a func tio n of t i me. The simplest way to do so is to consi der that the number of defects is proportional to
the ine l astic cross - section to be determined and to
the time. So z 1 = N0Szo(l - oi ¢ot) where oi is the
corresponding inelastic cross - sect i on , ¢0 the incident flux and N0 the number of small basic volumes
whi ch correspo nds to one defect (v 0 i s the elementary damaged volume, S the irradiated area) . The
cr iti cal dose i s therefore l /( oi ¢0 ), which gives
only a rough apprec iati on. However, th i s model
shows that in some cases the intensity I = ~A* can
f i rst incre ase before decreas~.
We can remark a l so that llrnp and~
are a
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function of temperature but not exactly in the same
way. If they vary as a function of temperature
through the well known treatment of Debye-Waller,
~ at a given temperature has to be multipl i ed in
a rough approx imation by a term e-Pt where P = v0
exp - U/(kTa), which takes into account the rearrangement of th e damaged cell s . v 0 is a character istic frequency, U the "act i vation energy" of the
process and Ta the absolute temperature. More particularl y it means at low t emperature that ~
is
a function of the loc al r earrangement which is a
function of t i me (Kohl et al., 198 1). In any case,
after rearrangement, only the first ter m of equat ion 12 remains . At room te mperature, this rear rangement can be considered in many cases as prac tically instantaneous.
So only the fir st term of
( 12) remain s.
Another way to try to understand what is occurring i s to remark that in the preceding model we
don't get a disappearance with time whi ch becomes
slower and slower. This last effect makes diff icult the determination of the cr i tical dose (~0t)cr
= Der·
The reason for this slowing down i s easy to understand.
The probability of creating defects can
be writt en (1 - exp - (z/Ai) where >-i i s related to
oi by oi = l /( N0>-i); l/N 0 is the bas ic pert urbed
volume. \./hen an intera ction has taken place in a
given volume, it becomes noncryst al line and therefore doesn't contr ibut e any more to the diffraction
pattern.
It gives diffuse scatter ing which increases the background. It means that if anot her
inelastic event takes pl ace in the same volume it
doesn't affect the diffraction
pattern further and
therefore is not any more involved with our problem.
Only in thi s model a new damaged volume will give a
diminuti on of the di ffracted inten s ity.
So the
probabi lit y of perturbat in g new elementary volumes
becomes small er and so needs an increa se of electron dose above a pure proportionality . This type
of situation can be described , as an average , by
the type of equat ion dN/dt = - No · ~o where N i s
the number of intact volumes, or /s;v 0 )(dz/dt) =
- (S/v 0 ) z Oi ¢0 , that i s written dz/ dt = - z oi <t:0 ,
which has the obvious solution z 1 = z 0 exp - oi , 0t
where z0 i s the initi al thickness of the sample.
That can be treated by usin g , in stead of the
mean di stribution , the Poisson probabili ty. So we
get:
(l - exp -

_j_)¢ s
"i

dt = - !JZ~

O

Vo

llz being the change in thickness corresponding to
the creation of one defect.
(llzS = v0 ).
z

So: (l - exp - _l_) ¢ S dt
"i

= -

O

N !JZS
0

We remark that if z 1 /;..i is small we have :

which is equiv ale nt to the equation:
dzl
zl ¢0
cit = - (l - exp - ~) ~
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The inte grat ion give s:
¢0

z />..

"i lo g [ l + ( e o

i - l) e

- ~ t
o l J

( 13)

So we get a very simple variation of z as a
functi on of time with correct boundary conditions
(Fig. 13) .
We can introduce this value in the kinematical
equation (12). So we can find oscillations
in the
di sappeara nce of the diffraction
patter n.
More s i mply if we use a Poisson distribution
we can say as a rough approximation that the intensity of a "spot" is given by an expression of the
form:
I = 1 {l - exp 0

\.

_l_

z ;" ·
log [l + (e o 1 - l)

"e

(14)
T o

For smal l t and small z 0 we find: " i "'~
<Po

'o
0

Zo

- t which is a good order of magnit ude. lb = ! 0 ~
Na
o
where 10 is the incid ent inten s it y. To get Ai it
seems possible to use, not the cr itic a l dose, but
the f i rst beginning of the damage. It i s also possible to calc ul ate the inflexion point and to determine the slope at this level but detailed experiments have to be performed. However, the comparison of these expressions has been made with experimental values given by Boudet (1981) for polyethy lene (Figs. 14 and 15). If we take a crit ical dose
( 1 0 tlcr at 100 keV equal to 4.69 · 10 16 e/cm 2 corresponding to an intensity of I = 10- 3 ! 0 , we get Ai.
The point is that l /N0 , the elementary volume which
is damaged in an "interaction,"
can also be adjusted . For in stance , " i = 730 A with N0 = 1.4 • 102 1 /
cm3 fits quite well with the expressions (Ae = 3,660
A). The comparison with the calculated stopp ing
power (we ca lcul ated 5.4 · 106 eV/cm at 100 keV)
would show that 6 Ej "' 40 eV i s in good agreement.
In fact, by adjustment, it seems better values are
" i = 1,0001\, 6 EJ ~ 55 eV, and N0 = 1.46 · 1021 /cm 3
(v 0 "' 680 A3 ).
No informati on is obtained on the
an i sotropy.
That damage is due to the global combination between the direct colli sion effect and
the secondary electrons (the effect would be different close to the free surf aces but the equations
could a l so take into account, in an analog ous way,
the mass loss; see above).
At higher voltages (2.5 MeVin the case of
polyethylene), the agreement between experiment and
the above expressions can be obtained.
However,
with N0 = 1.46 · 102 1 /cm3 , we had determined before, we get " i =7,400A (>-e = 11,860 A). This
value seems rather large.
If we take a shorter
mean free path " i, i n agreement with the Bethe law
as a function of the electron incident energy (in
that case "i "' 2,600 A), we would find: N0 = 4.15
• l0 2 1 / cm3 which corresponds to an elementary
damaged volume of about 240 A3 . The damaged vol ume
at hi gh energy would be l ess important compared to
lower vol tages.
In fact, it is very diff i cult to
say defin i tive t hin gs because: a) the model i s sen 24 5

sitive to the thickne ss which is not well known;
b) in polyethylene at hi gh volta ge , channeling effects seem important (Boudet, 1981); c) we need
more detailed exper i mental curves with other materials as well. Nevertheles s , it i s possib l e to
have a mean curve which can be matched with experiments. From the rate of variation of z, it can be
deduced, by using expressions given by Crewe and
Groves (1974) and Zanchi et al . (1980), if, for inst ance , it is possible to record a "K loss" or to
record a dark field image under given conditions.
It would be possible to take into accou nt the orientation effects and to determine als o the spatial
resolution as a function of time.
In fact it seems poss ibl e with this model t o
determine more directly the cross sectio n o j =
l/(N 0 Ail and 1/NQ(Jouffrey, to be published).
The damage 1s due to a direct effect due to
the incident electron but a lso to the secondary
electrons.
The global effect as we have seen can
be characterized by a mean free path \ i. In this
model, the effect of diminishing the temperature i s
to incr ease " i phenomenologically.
That means this
quantit y has to be multiplied by a term which is a
function of time (for rearrangement) and temperature in a way analo gous to the one used by Kohl et
al . ( 1981) .
When it is required to count electrons corresponding to a "K" edge, the number of characteristic
electrons recorded after a time t will be of the
order of:
;\.

1 lo g [l

+

(e

z O1"·1

- l) e

-

¢ t
0
N--

o"i

"K

"i

exp - - lo g [l + (e
,.K

z O/ ;\ 1.
- l) e

( 15)

Conclusion
One principal limitation in the possibility
of
doing chemical analysis in transmission electron
microscopy in the case of "se ns itiv e mater ial s" by
using eith er characteristic
energy losses or x rays
is damage formation.
The material evo lutes during
the irradiation
and so it is interesting
to know
what is the part of the specimen which has changed
during the counting.
Therefore,
when " i is determined, it i s possible to know if a given experiment
i s possible.
The interest of energy lo sses for doing chemical analysis is now well established.
In many ap plications the use of hi gh energy incident electrons can be qui te interesting
if the necessary resolution in energy on the spectrums is above 2.5 eV
about and the thickness of t he specimens can be
much higher than the one used at lower voltages
("' 100 keV). The use of 300 keV microscopes could
be an intermediate way of doing chemica l analysis.
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